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Despite the clear significance of beneficial animal-microbe associations, mechanisms underlying their
initiation and establishment are rarely understood. In this issue of Cell Host & Microbe, Kremer et al.
(2013) reveal that first contact within the squid-vibrio symbiosis triggers profound molecular and chemical
changes that are crucial for bacterial colonization.With a three billion year head start on
macroscopic life, microbes formed the
planet that we inhabit. It’s now widely
appreciated that all visible life, including
our own species, evolved amidst diverse
microbial communities. It’s no surprise,
then, that host-microbe alliances abound
in nature and fundamentally shape how
species function in their environment
today. Animal species house an astonish-
ingly diverse array of friendly microbial
associates, ranging from exclusive one-
on-one partnerships to complex commu-
nities (McFall-Ngai et al., 2013). The
remarkable diversity and significance of
beneficial microbiota have sparked
efforts to understand not only who’s there
andwhat they’re doing, but also how such
associations are established and main-
tained. What host and microbial signals
ensure colonization of friendly microbes,
while excluding potential interlopers?
Key experimental model systems offer
the power to dissect signals underlying
host-microbe crosstalk. Such models
include diverse invertebrate hosts repre-
senting deep animal lineages, such as
sponges, cnidarians, mollusks, arthro-
pods, and nematodes (Chaston and
Goodrich-Blair, 2010; Nyholm and Graf,
2012). Practical advantages of these
invertebrate-microbe models often in-
clude the ease of rearing abundant hosts
in the lab and the ability to investigate
microbial colonization via the natural inoc-
ulation route. Additionally, the identity and
functions of the microbial resident(s) of
invertebrate models are often relatively
well characterized, particularly so in
binary interactions between one host spe-
cies and its exclusive microbial symbiont.
Once viewed as ‘‘simple’’ interactions,these one-on-one associations rely on
intricate steps involving complex host-
microbe communication. In fact, given
that animal hosts are bathed in complex
microbial communities filledwith potential
trespassers, such binary interactions
have much to teach us about how the
right resident is selected to successfully
colonize the host.
The bioluminescent symbiosis between
the Hawaiian bobtail squid (Euprymna
scolopes) and themarine bacterium Vibrio
fischeri exemplifies each of the advan-
tages noted above (Figure 1). Since its
characterization more than 20 years ago
(McFall-Ngai and Ruby, 1991), this exper-
imentally tractable mutualism has shed
light on the molecular ‘‘language’’ of ani-
mal-microbe interactions (reviewed by
McFall-Ngai et al., 2012; Nyholm and
McFall-Ngai, 2004). Colonization occurs
early the squid’s life. The newly hatched
juvenile squid finds itself in a vastly
diverse marine bacterial community, of
which V. fischeri is a tiny fraction
(<0.1%). Against these numerical odds,
only V. fischeri colonizes the host and en-
ters the epithelium-lined light organ,
where it proliferates within crypt spaces
and resides on microvillous epithelia.
Within this environment, V. fischeri biolu-
minescence emits a diffuse light at wave-
lengths matching moonlight and starlight
above, thereby camouflaging the squid
from predators beneath.
While the association is life-long, each
juvenile squid faces the seemingly daunt-
ing task of reconstituting this exclusive
partnership. Initial capture of V. fischeri
relies on the distinct anatomy of the
juvenile squid. Within two fields of ciliated
epithelia, appendages form a ring that sitsCell Host & Microbe 14above pores leading to ducts and even-
tually the larger crypts of the light organ.
Successful colonization relies on physical
forces (beating of cilia to concentrate
particles near the pores), chemical factors
(reactive oxygen and nitrogen species in
mucous shed by the epithelial surface),
innate immune responses (e.g., hemo-
cytes and pattern recognition receptors),
and bacteria-induced developmental
transformations (loss of these ciliated
fields and the full maturation of the light
organ) (for overviews, see McFall-Ngai
et al., 2012; Nyholm and McFall-Ngai,
2004). Elegant work has also discovered
key bacterial signals in the symbiosis,
including peptidoglycan derivatives that
function as toxins in related Vibrio species
(reviewed in Nyholm and McFall-Ngai,
2004) and the bioluminescent signal itself
(reviewed in Miyashiro and Ruby, 2012).
Clearly, even within a binary association,
the reciprocal dialog between host and
microbe is remarkably complex.
Within this rich body of knowledge, the
groundbreaking experiments of Kremer
et al. (2013) reported in this issue of Cell
Host & Microbe make important strides
in clarifying the very first steps in this ani-
mal-microbe conversation. The authors
address a key question that is relevant
not only for this marine model, but also
for advancing our understanding animal-
microbe interactions more broadly. Given
that animals live in environments teeming
with diverse microbes, how are specific—
even exclusive—microbial associations
established, particularly at epithelial sur-
faces? Kremer et al. (2013) demonstrate
that the answer is intricate yet crystal
clear: first contact with V. fischeri impacts
gene expression of the squid host, which, August 14, 2013 ª2013 Elsevier Inc. 121
Figure 1. A Glowing Example of a Powerful Invertebrate-Microbe
Model System
Research on the bioluminescent partnership between the Hawaiian bobtail
squid (Euprymna scolopes; top panel) and the marine bacterium Vibrio fischeri
(bottom panel) has illuminated the complex, stepwise process underlying initi-
ation, establishment, and maintenance of a beneficial host-microbe interac-
tion. The V. fischeri cells shown here are expressing green fluorescent protein.
Image credits: Eric Roettinger/Kahi Kai Images (E. scolopes image); Mark J.
Mandel (V. fischeri image).
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the epithelial mucus. These
changes, in turn, influence
the bacterial symbiont in
ways that are crucial for suc-
cessful colonization.
The mechanisms discov-
ered by Kremer et al. (2013)
put a spotlight on chitin, a
modified polysaccharide
that is abundant in nature.
Chitin forms an integral struc-
tural component of many
invertebrate endo- and exo-
skeletons, may function in
the invertebrate immune sys-
tem, and offers an important
food source for chitinolytic
bacteria. In fact, earlier work
showed that the squid pro-
vides chitin as a nutrient to
V. fischeri (Wier et al., 2010).
In addition to this nutritional
role, chitin byproducts—
chitobiose—form a chemoat-
tractive gradient that guides
V. fischeri into the pore of
the light organ (Mandel et al.,
2012). More specifically,
V. fischeri cells attach to the
cilia and aggregate above
the pores, appear to pause
as they are ‘‘primed’’ for later
encounters with other host
tissues, and then use chemo-taxis to follow a chitobiose gradient into
the pore. Thus, the existing abilities of
chitin production by the squid, and
chemotaxis toward chitin byproducts by
V. fischeri, have been co-opted within
this mutualism.
Kremer et al. (2013) dissect these initial
steps of the encounter—from V. fischeri’s
aggregation to its navigation into the
pore—with astounding precision. Their
results illuminate the underlying mecha-
nisms responsible, while also uncovering
two broadly significant phenomena:
animal host ‘‘readiness’’ and microbial
‘‘priming.’’ Briefly, their analysis of the
squid transcriptome points to an apparent
readiness for its very first V. fischeri
encounter. Initial contact, when
V. fischeri cells attach to cilia and aggre-
gate above the pores, triggers rapid tran-
scriptional responses in the squid host.
Upregulated host genes include prote-
ases and hydrolases directed at sugar
bonds, including chitin. The hair-trigger122 Cell Host & Microbe 14, August 14, 2013nature of this transcriptional response
suggests that squid hatch well prepared
for the encounter, before being exposed
to microbes or V. fischeri specifically.
Most notable among the genes upregu-
lated upon contact with V. fischeri is the
host chitotriosidase, which breaks down
chitin to release chitobiose and generates
a key alteration in mucus chemistry.
Upregulation of chitotriosidase occurs
throughout the 10,000 host cells of the
light organ tissue, yet is triggered by the
attachment of just a few (3–5)
V. fischeri cells. The authors demonstrate
its catalytic activity, which is optimal in the
acidic pH of the mucus. The resulting
release of chitobiose is crucial for the
symbiosis, as it is responsible for gener-
ating the chemoattractant gradient known
to guide V. fischeri’s migration into pores.
Thus, a key contribution of Kremer et al.
(2013) is demonstrating the specific
mechanism and timing of the production
of this essential gradient.ª2013 Elsevier Inc.In addition, the results of
Kremer et al. (2013) suggest
a new dimension of the
‘‘priming’’ of V. fischeri, or
physiological changes that
occur in preparation for sub-
sequent encounters with
chemically distinct host tis-
sues. Outside of squid hosts,
V. fischeri exposed to chito-
biose in culture medium
exhibit increased migration
to chitobiose in a capillary
tube assay. This result sug-
gests that, within the sym-
biosis, early exposure of
aggregated V. fischeri cells
to chitobiose may make
them more sensitive to the
crucially important chemoat-
tractive gradient leading
bacteria into the pore. This
potential significance of chitin
priming underscores the
value of investigating a natural
inoculation route, which
allows for the fact that
microbes navigate through,
and are fundamentally im-
pacted by, the distinct local
chemistries of the host.
Insights from the squid-
vibrio model have broad im-
plications for understanding
animal-bacterial communica-tion at the epithelial interface. Squid are
certainly not alone in their need to ensure
colonization of epithelial surfaces with
specific beneficial microbes, while simul-
taneously living amidst diverse microbe
communities. All animal species, in-
cluding our own, face this challenge to
varying degrees. With attention to these
broader parallels, Kremer et al. (2013)
note that mucocilary membranes of
nascent light organ have structural and
chemical similarities to mammalian
epithelial surfaces. In both host groups,
the epithelium is not just a simple physical
barrier, but rather the mucus contains a
wealth of complex antimicrobial com-
pounds that shape microbiota and pre-
vent pathogen proliferation. Further, the
phenomenon of host readiness, or prepa-
ration for rapid and profound physio-
logical shifts upon first exposure to
microbes, is broadly significant. Kremer
et al. (2013) remind us that, in mam-
mals, communication across the placenta
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subsequent exposure to microbes.
Finally, from the bacterial perspective,
members of the mammalian gut flora are
known to undergo priming, whereby early
exposure of bacteria to particular chemi-
cal signals can affect their performance
in subsequent steps of an interaction.
These broad parallels across inverte-
brate and vertebrate systems underscore
the very ancient nature of processes that
mediate animal-bacterial interactions.
Clearly, the glowing squid-vibrio model
has much more yet to teach us, not only
about the underpinnings of a fascinating
marine mutualism, but also about the
fundamental molecular strategies that
hosts and microbial residents employ to
find each other, initiate encounters, andestablish successful interactions upon
which all animals depend.
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